Abstract: This study deals with the possibilities of expertdriven semi-automated recognition of planation surfaces and other flat landforms in the area of the Aggtelek Karst, Hungary. Planation surfaces are the most debatable and vague landforms and can be defined as parts of terrain formed by long-lasting erosion-denudation processes under the stagnant erosion base conditions. In terms of denudation chronology they can be considered as morphological indicators of different evolution stages of area. In karst areas planation surfaces and river terraces are mostly correlated with cave levels, which originated in relation to the same stagnant erosion base. Because there is no general method of delineation of planation surfaces, the main objective of the study was to find a suitable method for semi-automated recognition of flat landforms in the Aggtelek Karst, which should correspond to different phases of the Jósva River incision and therefore could be correlated to the multilevel cave system of the study area. Several methods for semi-automated landform classification were tested for recognition of flat surfaces in a relatively objective way. Slope gradient thresholding tool, and r.param.scale and r.geomorphon modules implemented in GRASS GIS were tested. As a result, the r.geomorphon module was proven as the most suitable method for delineation of relatively flat surfaces. Findings of the presented work can be used as a morphological indicator of the comprehensive reconstruction of evolution of the Aggtelek Karst and the Slovak Karst.
Introduction
Planation surfaces [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] are one of the most discussed and disputable elements of landscape. They can be defined as a part of the Earth's surface, as a secant surface formed by the long-term activity of erosion-denudation processes under the conditions of stagnant erosion base. In terms of denudation chronology, planation surfaces and river terraces can be considered as morphological indicators of terrain evolution stages. In the karst landscape, they are often correlated with cave levels, synchronously originated in relation to the same stagnant erosion base. It is the assumption of relation between multilevel cave system formed by an underground stream and relatively flat erosion landforms on the surface that has led to the efforts to identify a suitable method for semi-automated recognition of planation surfaces and other flat landforms using geographic information systems (GIS), as a progressively developing tool for spatial data analysis.
Modern geomorphometry is focused on extraction of geomorphometric characteristics and segmentation of terrain into spatial features (e.g. landforms) from DEMs [12] . Landform can be defined as a bounded segment of land surface (terrain) while these segments do not have to be continuous, i.e. they do not need to cover the terrain completely. Geometrical, topological, spatial or any other characteristics of landforms are parts of the specific geomorphometry [13, 14] . According to the literature overview in [15] , landform mapping can be based on morphological, genetic, chronologic or dynamic principle. Since geomorphological forms should generally follow morphological boundaries, the morphological principle should be considered as primary [15] . Landform mapping based on terrain morphology, which is applied here, consists of delineating boundaries of individual terrain entities (objects) according to the values of chosen morphometric parameters (in this paper called geomorphometric variables). Extensive overview of the multiple methodological approaches to manual and/or digital landform mapping is presented in [12, 13, 16, 17] . Overall overview of geomor-phometrical possibilities including landform mapping in GRASS GIS contains [18] .
The presented methodology research is a part of our complex research in the Aggtelek Karst carried out with the aim of reconstruction of the area evolution based on a correlation between planation surfaces and cave levels. The origin of the multilevel Domica-Baradla cave system (longer than 25 km) has been linked with the gradual stages of the Jósva River incision [19] [20] [21] [22] [23] [24] [25] . Individual stages of the valley downcutting alternated with stages of erosion base stagnation, which is evidenced by several large pediments in the Jósva River valley. From among the studies dealing with this problematic we can mention [26] , which used object based image analysis for semiautomated segmentation of slope gradient DTM for the delineation of planation surfaces. The absence of generally accepted method of planation surface mapping and the efforts to minimize subjective decisions in their manual delineation based on topographic maps has led to the testing of several ways of their recognition. Therefore, the main aim was to find, based on the testing, the most suitable method of semi-automated recognition of planation surfaces as relatively flat landforms in the Aggtelek Karst, which would fit the individual phases of the Jósva River incision and would correlate with the multilevel cave system in the study area.
Since there are several terms for flat landforms and not all of them refer to planation surfaces, we use the term "flat surfaces" for planation surfaces, relatively flat surfaces, as well as for other flat landforms recognized by the tested methods, not considering their genesis. By the term "planation surfaces" we refer only to the surfaces that meet our definition of their genesis mentioned earlier above.
Study area
The Aggtelek Karst and the Slovak Karst (Fig. 1) represent a plateau karst of temperate climatic zone in Central Europe (the northern part of Hungary and the southern part of Slovakia) dissected by several canyons and gorges. Many abysses occurring on the top of karst plateaux, several outflow caves at the foot of karst plateau and inflow caves at the contact of non-karst and karst area originated by sinking allochthonous streams are the result of intensive karstification of this limestone area. The well-known DomicaBaradla cave system and other significant caves have been included in the World Heritage List since 1995. Apart from caves, this area is also significant for its abundance of surface karst landforms (karren, dolines, uvalas, dry valleys, blind valleys, poljes, and others). The original large upland planation surface (Sarmatian -Pannonian) was tectonically uplifted and inclined from the north to the south as a result of the more intensive uplifting of the Slovenské rudohorie Mts. [5, [27] [28] [29] . The Aggtelek Karst and the southern part of the Silica Plateau are tectonically separated from the northern part of the Slovak Karst by the fault line leading from the Plešivec Village through the Silická Brezová Village to the Turnianska Basin [30] . Within the morphostructural subdivision of the Western Carpathians, this lineament represents the border line between the Slovenské rudohorie Subregion and the Southeastern Marginal Subregion [31] .
The fieldwork was carried out in the Jósva River valley and its close vicinity, located in the Aggtelek Karst vafő Village at the elevation of 275 -325 m a.s.l., an extensive paleopolje is situated, closed by steep slopes (20 -48 ∘ ). The wide Szelce Valley mouths into it from northeast, and a significant fault line of northeastern direction runs through it. The plateaux northwest of the fault line are situated at the elevation of 400 -600 m a.s.l., those southeast of the line are at the elevation of 300 -450 m a.s.l. The Jósva River valley is bounded by distinctive pediments at the elevation of 250 -280 m a.s.l., which correlate with the oldest outflow part of the Baradla Cave (275 m a.s.l.) [24] . The area north and east of the Jósvafő Village is built by two partial structures (klippes) of Silica Nappe [29, 32] . The reverse fault between them runs along the Jósva River valley, which partially appears as a dextral strikeslip fault. The Jósva River valley is built by less resistant Lower Triassic limestone and marly shale, which predetermined its formation. The limestone and marly shale of the Szin Formation are overlain by Middle Triassic Gutenstein limestone occurring in narrow belts, mostly in the close surroundings of the Jósvafő Village, and by Middle Triassic Wetterstein limestone and dolomite north of Jósvafő [33] .
Theoretical and methodological background
In morphographic typology, planation surface can be identified with a relative plain or relatively flat landform that is not structurally conditioned. In common geographical practice, plain as a basic terrain type is understood and defined in terms of [34] and [35] on the basis of vertical segmentation of the terrain as an area with relative vertical difference (vertical dissection) up to 30 m. In this study relative plains are not divided into planation and structurally conditioned ones; we understand them uniformly as relatively flat surfaces that can be recognized by some of the tools implemented in GIS.
Creation of the digital elevation model (DEM) was a precondition of the semi-automated flat surface recognition. It was based on the data in the form of contour lines with the interval of 5 m (EOTR EOV HD-1972, 1:10 000) provided by the National Park Aggtelek (Aggteleki Nemzeti Park). The DEM with the spatial resolution of 5 m was interpolated using Topo to raster algorithm implemented in ESRI ArcGIS software.
In order to gain an objective insight into planation surfaces and the accuracy of individual methods of their recognition, field mapping was realized in 2014. The aim was to delineate and digitize representative relatively flat surfaces on the basis of topographic maps of 1:10 000 scale and their statistical evaluation by the tools of ESRI ArcGIS 10. The quantification was mostly focused on calculation of average diameter derived from average polygon area (m 2 ), calculation of average slope gradient to the area unit of representative areas and calculation of average cross sectional curvature. These manually digitized areas are depicted in Fig. 1 and the used statistical values are in Tab. 1. 
Methods of semi-automated flat surface recognition
Three methods were tested for the semi-automated classification of landforms, in this case specifically of flat surfaces, based on DEM. According to [16] there are two categories of approaches to semi-automated classification.
Methods in the first category [36, 37] classify terrain according to different geometries of individual forms. Semiautomated mapping is based on the different values of local geomorphometric variables -first and second derivatives of elevation [38, 39] . The second category contains new and progressive approach [16] of terrain classification based on its overall topographic pattern. It uses computer vision, which replaces the traditional visual classification of terrain, e.g. by expert processing of a topo- graphic map. The approaches applied here, i.e. setting of slope threshold value (slope gradient thresholding), the module r.param.scale and the module r.geomorphon, their concept and application are outlined in the following text. It is also important to mention that for successful application of semi-automated methods it is crucial to use values obtained directly during field mapping.
Slope gradient thresholding
Slope gradient of terrain can be considered as a basic criterion to define a relatively flat surface. The r.param.scale module implemented in GRASS GIS was used for its derivation from DEM. This module enables multi-scale analysis of fundamental local geomorphometric variables (e.g. slope gradient, curvatures) based on the multi-scale concept by [36] . This multi-scale analysis provides the possibility to set various sizes of a moving window, in which the calculation is performed (e.g. size of 5 × 5, 7 × 7, 11 × 11 cells, etc.) and thus removes disadvantages of default 3 × 3 window size most often used in such calculations. This approach enables derivation of variables based on larger surroundings of a focused cell in DEM (and thus reflecting influence of wider surroundings, not only of adjacent cells). 
Module r.param.scale
In addition to multi-scale computation of basic geomorphometric variables, the r.param.scale module also offers calculation and classification of six basic landforms, entitled as morphometric features. One of them is a feature called "planar", which can be perceived as an equivalent to relatively flat terrain, and therefore could be associated with planation surfaces here. There are three input parameters that control behaviour of the feature computation: slope tolerance, which defines flat surface, curvature tol- erance, which defines planar surface, and processing window, which refers to the size of a moving window [40] . (Fig. 3) . Resulting rasters of relatively flat surfaces (in the module identified as "planar" features) are shown in Fig. 4 . Due to limited extent and usefulness, only selected results are shown in the figures. Effect of different settings of input parameters is described in the section Results.
Module r.geomorphon
Geomorphons -geomorphologic phonotypes represent a new and, compared to r.param.scale, completely different approach to semi-automated classification of terrain. It was developed by [16] and is implemented in GRASS GIS as the module r.geomorphon. The calculation principle is based on the use of the concept of local ternary patterns for identification of terrain elements, only in DEM.
The method is based on a comparison of focus pixel value with values of surrounding pixels in eight principal directions (the algorithm compares whether the neighbouring pixels are higher, lower or the same, and the value is given by the value of zenith and nadir angle of view from the focus pixel). Classification of forms depends on values of two main parameters. Parameter L represents the maximum size of a search window in which the form will be identified, and parameter t represents the tolerance of slope values in which terrain is considered relatively flat. The result is a classification of landforms reflecting various mapping scales and is visualized by so-called geomorphic map. It is an interpreted DEM that includes all possible values of geomorphons (498) generalized into ten most frequent landforms. We recommend to the reader the publication [16] if interested in more details of the calculation principle. The precondition of successful and effective use of the method is calibration of the above mentioned input parameters based on study area. The crucial parameter is the L parameter, which defines the maximum size of the form to be identified, thus the value depends on study area and user preferences. Based on the field mapping, we set the following parameter values in the testing: L = 80, 100 and 150 m; t = 4, 6, and 8 ∘ (Fig. 5) . Rasters of relatively flat surfaces were obtained by reclassification of the created rasters (Fig. 6) . Effect of different settings of input parameters is described in the section Results.
Categorization of flat surfaces
Categorization of DEM values representing relatively flat surfaces was an essential precondition of their comparison and correlation with cave levels. Expert estimate of representative elevation intervals obtained at the field mapping was compared to the analysis of a hypsographic (clinographic) curve. Shape of hypsographic curve reflects the frequency of elevation categories and thus frequency of flat surfaces in elevation intervals. The parts of the curve with low slope represent less frequent categories and, vice versa, the parts with high slope represent more frequent categories. The hypsographic curve was constructed from a DEM of flat surfaces reclassified into elevation classes with a range of 5 m (96 classes) and converted into polygons with an attribute containing its area (m 2 ). These polygons were then used for construction of the curve. Boundaries of the categories of flat surfaces were determined according to the elevation change and slope and curvature of the hypsographic curve. Slope of the curve was calculated based on the formula 1:
where: slope -slope of a curve zy -change of value in y-axis direction zx -change of value in x-axis direction Thus for a hypsographic curve defined by its points, change of value in x-axis direction in point A is equal to the difference between the value of point A and the value of the preceding point. Change of value in y-axis direction in point B is equal to the difference between the value of point B and the value of the preceding point. Curvature of the hypsographic curve was calculated according to the equation 2:
where: k -curvature of a curve y , -first directional derivative y ,, -second directional derivative Directional derivatives were estimated according to the Lagrange's mean value theorem. The value of the directional derivative in point A is given by a quotient of difference between values of the following and preceding point and of a half of the distance between these points (Fig. 7) . Category boundaries can be subsequently determined by two approaches. The first approach considers the boundaries to be the local extreme values of the derived parameters. The second one considers the boundaries to be the starting and ending point of a significant value deviation from trend (Fig. 8) .
Results
Average values of slope gradient (0 ∘ -6 ∘ ), of cross sectional curvature (0.0011) and of radius of ideal circular surface (100 m) representing planation surfaces collected in the field (Tab. 1) were adapted into the settings of the applied methods. The results were compared across the tested methods as well as within each method comparing the various settings of input parameters. That helped us assess the accuracy of the obtained settings in comparison with randomly selected values. Calculation of the slope gradient rasters using the r.param.scale module allowed us to use several sizes of the moving window. Relatively flat areas extracted from the slope gradient raster calculated in the common 3 × 3 moving window contain small and narrow non-flat zones with shape similar to the contours (Fig. 2) . These areas are mostly artefacts resulting from using a DEM interpolation algorithm, which has difficulties with processing dense contours as input data. The artefacts were partially eliminated or smoothed out by using a bigger moving window, which considering wider surrounding in the calculation resulted in more compact areas of flat surfaces. As the most appropriate size the moving window of 19 × 19 cells was chosen, in this resolution being an equivalent of 100 meters, which is a rounded average size of the planation surfaces (Tab. 1) mapped in the field. However, the method of setting slope gradient threshold as the indicator of planation surface recognition did not prove to be suitable for classification of individual landforms. It is able to delineate relatively flat surfaces, however it cannot filter out thalwegs, ridgelines, passes and other forms. It provides an overview of elevation conditions in the study area, or of elevation of the local erosion base, and of relative elevation, but it cannot distinguish planation surfaces from other forms that meet the chosen slope criterion. In the module r.param.scale we tested several settings of slope and curvature tolerance and size of a moving window ( Fig. 3 and Fig. 4 ). Since the module recognizes mostly types of curvatures, the curvature tolerance parameter had major effect on the resulting rasters. Low slope and curvature tolerance (1 ∘ and 0.0001, respectively) delineated a large number of relatively small areas meeting the criteria of relative plains (Fig. 4) . Increasing the value of curvature tolerance resulted in delineating more continuous flat areas, however, these no longer meet the properties of relative plains. Major problem is that increase in curvature leads to identifying not only flat areas, but also linear slopes as relatively flat surfaces. The maximal chosen value of curvature tolerance (0.0020, not shown in the figures) proved to be too high, with most of the surface resulting as planar. On the contrary, increasing the value of slope tolerance (from 1 ∘ up to 6 ∘ ), the number of delineated relative plains decreased (Fig. 4) , which is in contradiction to the logical hypothesis of planation surfaces. The change of slope tolerance mostly affected the definition criteria of other individual landforms and resulted in their increased number at the expense of planation surfaces. Value of curvature tolerance set to 0 resulted in delineation of no planar landforms, while value of slope tolerance set to 0 had no effect on delineation of planar landforms. Size of a moving window had effect mainly on the compactness of the delineated landforms. Even a slight increase of its size to 5 cells led to better delineation. Bigger size of the window led to more compact landforms. In addition, higher size of the window caused smoothing of small irregularities and artefacts at the surface, which can be considered as advantage. Effect of bigger window on the extent of landforms is only minor. Though, the extent of planar landforms with bigger window slightly increased, thanks to smoothing of small parts of the foothills. Based on the visual comparison of the rasters resulting from several combinations of input values (Fig. 4) , and values obtained at the field mapping, we identified the result with slope tolerance of 6 ∘ , curvature tolerance of 0. (Fig. 6 ) and of the respective values collected in the field we decided for the final settings t = 6 ∘ a L = 100 m. Results obtained by this method showed to be the best from among the tested methods. DEM of the flat surfaces delimited by the r.geomorphon module was categorized according to the hypsographic curve and its slope and curvature (Fig. 9) . The boundaries of elevation classes of most frequently occurring flat surfaces were defined in two steps: -flat surfaces in the elevation interval of 368 -380 m a.s.l.
The elevation categories of relative plains obtained by the analysis of the hypsographic curve helped us recognize interval boundary values for the subsequent reclassification of the rasters of flat surfaces obtained by the three tested methods of semi-automated delineation (Fig. 10, Fig. 11 and Fig. 12 ).
Discussion
According to the comparison of the selected methods of semi-automated recognition of planation surfaces (Fig. 10 , Fig. 11 and Fig. 12 ) as the most suitable method can be considered the module r.geomorphon, which, compared to the module r.param.scale, does not recognize flat surfaces mostly according to the curvature as well as is not dependent on the adjusting of the size of a moving window manually. Instead of a fixed window size it uses surroundings of a cell of shape and size, which are automatically adjusted to the local topography, ensuring that landforms are identified in the most desirable spatial scale. Given its explicitness, relative simplicity of calculation and more than satisfactory results obtained by this method, it can be concluded that compared to the other two tested methods this one was the most suitable for the required purpose and thus can be considered as the most suitable available method of recognition of planation surfaces in karst areas. Assuming the relation between multilevel cave system and flat erosion landforms on the surface, we can correlate the elevation categories of flat surfaces obtained by the analysis of the hypsographic curve with horizontal or slightly inclined cave corridors in the study area. We can correlate flat surfaces according to the elevation categories they belong to, not according to their absolute elevation. Planation surfaces originated in relation to change of base level, so it is difficult to correlate one specific elevation to one planation surface. Therefore we are interested in changes of elevation trend. As an example of correlation of semi-automated recognised flat surfaces and cave levels the slightly inclined main corridor of the Baradla Cave (260 -280 m a.s.l.), which corresponds to the planation surfaces in the elevation interval of 235 -275 m a.s.l. as well as with remnants of the large pediment at 250 -275 m a.s.l. originated in Pliocene [41] , can be mentioned. The travertine occurrence in a slope depression at the Kaffka Meadow at the elevation of 270 m a.s.l. is considered by [42] to be the evidence of the oldest spring from the Baradla Cave. Based on the burial age 3.47 ± 0.78 Ma of quartz gravel (dated using cosmogenic nuclides 10 Be and 26 Al) the upper level of the Domica Cave originated in (or before) Middle Pliocene [43] . It is located 9 -12 m above the slightly inclined main multilevel corridor (ca 7.5 ) of the Domica-Baradla cave system. Flat surfaces of lower elevations (190 -235 m a.s.l.) represent the flood plain of the Jósva River.
Conclusion
Testing of three methods of semi-automated classification of landforms based on DEM helped us find suitable method for semi-automated recognition of planation surfaces as one of relatively flat landforms. According to the results we can consider the module r.geomorphon as the most suitable method for planation surface recognition in our study area. The most frequent elevation categories of flat surfaces can be considered as planation stages and can be correlated with elevations of cave levels. Results of slope gradient thresholding approach can be also considered as relatively plausible due to the use of the same basic criterion for flat surface delineation as in the module r.geomorphon. However, slope gradient thresholding does not remove landforms such as valleys and channels from flat surfaces and thus enlarges their extent. Therefore, use of this method depends directly on user's requirements. Since the module r.param.scale uses values of curvature for flat surface delineation, we do not consider it as a suitable and plausible method for recognition of flat surfaces. To conclude, the most suitable method for planation surface delineation in our study is proved to be the module r.geomorphon, due to the highest ability to remove valleys, channels and other relatively flat areas from resulting flat landforms. Nevertheless, it is difficult to reduce the recognition of planation surfaces only to using GIS. Each area is specific, so efforts to minimize subjective decisions include field mapping, creation of DEM, and application of suitable method of semi-automated planation surface recognition. Without field mapping the modules are calibrated only on the basis of random attributes. Presented evidences clearly show the relation between formation of cave levels and planation surfaces or river terraces. This correlation contributes to more comprehensive knowledge about the evolution of the Aggtelek Karst and the Slovak Karst. Semi-automated recognition of flat surfaces helps us obtain suitable indication, which can be helpful in the process of identifying basic stages of terrain evolution. However, here we focused on the evaluation of methods and further interpretation of geomorphological development of the study area is beyond the scope of this paper.
